The kinetics of mineralization of 14C-labeled phenol and aniline were measured at initial concentrations ranging from 0.32 to 5,000 ng and 0.30 ng to 500 ,ug/g of soil, respectively. Mineralization of phenol at concentrations c-32 ng/g of soil and of aniline at anl concentrations began immediately, and the curves for the evolution of labeled CO2 were biphasic. The patterns of mineralization of 4.0 ng of 2,4-dichlorophenol per g of soil and 20 ng of nitrilotriacetic acid per g of soil were similar to the patterns for phenol and aniline. The patterns of mineralization of 1.0 to 100 ng of p-nitrophenol and 6.0 ng of benzylamine per g of soil were also biphasic but after a short apparent lag period. The curves of CO2 evolution from higher concentrations of phenol and p-nitrophenol had increasing apparent lag phases and were S-shaped or linear. Cumulative plots of the percentage of substrate converted to CO2 were fit by nonlinear regression to first-order, integrated Monod, logistic, logarithmic, zero-order, three-half-order, and two-compartment models. None of the models of the Monod family provided the curve of best fit to any of the patterns of mineralization. The linear growth form of the three-half-order model provided the best fit for the mineralization of p-nitrophenol, with the exception of the lowest concentrations, and of benzylamine. The two-compartment model provided the best fit for the mineralization of concentrations of phenol below 100 ng/g, of several concentrations of aniline, and of nitrilotriacetic acid. It is concluded that models derived from the Monod equation, including the first-order model, do not adequately describe the kinetics of mineralization of low concentrations of chemicals added to soi.
An understanding of the kinetics of biodegradation in natural environments would contribute significantly to the ability to accurately predict the persistence of many pollutants. Information on the kinetics of biodegradation in soil, however, is conflicting and is commonly based on limited sets of data. Most studies have been concerned with high concentrations of pesticides or those that are degraded slowly. Several models have been proposed to explain the kinetics of biodegradation in soil, including first-order, Michaelis-Menten, zero-order, and mixed-order kinetics (4, 5, 10) . Many of these studies, however, do not provide a basis for explaining when and why a particular model is appropriate, and many do not contain sufficient data and statistical analyses that permit distinguishing among models. In addition, rarely do individual studies deal with a wide range of substrate concentrations (4) .
Little attention has been given to the biodegradation of synthetic chemicals present at concentrations of <1 ,ug/g of soil. Low concentrations of pollutants are common in soil, originating from waste-disposal sites, pesticide application, fallout from industrial stacks, or other sources. Only recently has the influence of substrate concentration on the kinetics of biodegradation been systematically evaluated, and these studies were chiefly concerned with pure cultures of bacteria (13) . The applicability of information on biodegradation kinetics measured in pure cultures to those in soil remains to be demonstrated. Organic compounds added at low concentrations to natural waters are often initially subject to an acclimation period followed by a period of * Corresponding author. extensive mineralization (14) . In soil, in contrast, the presence of barriers to diffusion, a large microbial community, low levels of available carbon sources, and different types of microorganisms may result in kinetics of biodegradation that are different from those observed in other environments or in pure cultures.
The purpose of this study was to determine the kinetics of mineralization of low concentrations of several organic compounds in soil. Nonlinear regression techniques were used to fit the patterns of mineralization with models of kinetics developed for pure cultures and soil and also with a new model proposed for the kinetics of biodegradation in soil.
MATERIALS AND METHODS
Experimental system. Mardin silt loam (pH 4.1, 7.1% organic matter) was collected from the top 20-cm layer of a forested area on Mt. Pleasant in Dryden township, New York. The soil was passed through a 2-mm (pore size) sieve, and portions (equivalent to 50 g of dry weight) of moist soil were placed in 250-ml biometer flasks (Bellco Glass, Inc., Vineland, N.J.) and amended with the test substrate in enough sterile distilled water to bring the soil to a moisture level of70% of 1/3 bar (equivalent to 24.5% moisture [wt/wt]). Except for the lowest concentrations, each flask used in a single experiment received the same amount of labeled compound, with the radioactivity ranging from 13,000 to 280,000 dpm. Unlabeled substrate was thoroughly mixed into the soil with a spatula, and each flask was sealed with two silicon stoppers, one ofwhich was fitted with a cannula for the removal of KOH. The tests with phenol and p-nitrophenol (PNP) were conducted with individual flasks at each concentration, but the experiment was repeated a second time with similar results. The data shown for aniline repres the means of duplicate flasks at each concentration. Et concentration of 2,4-dichlorophenol, benzylamine, -nitrilotriacetic acid was tested by using duplicate flasks, it was not statistically justifiable to pool the data from the t flasks, based on a comparison of the variance between individual replicates with the variance within the combii replicates. Therefore, the results from tests with individ flasks were used to test the models. Although the results not presented, the parameters estimated by the models for second flask were similar to those estimated for the first fla The incubation temperature was 21 ± 2°C.
Measurement of mineralization. The evolved 14CO2 N trapped in 2.5 or 5.0 ml of 0.33 N KOH solution containe4 the sidearm of the biometer flask. At regular intervals, KOH was removed with a syringe and replaced with a fri solution. A 2.0-or 3.0-ml portion of the KOH that N removed was added to a vial containing 5.0 or 7.5 ml Liquiscint scintillation cocktail (National Diagnostics, II Somerville, N.J.), respectively. Radioactivity was coun with a liquid scintillation counter (model LS7500; Beckn Instruments, Inc., Irvine, Calif.) after the samples I incubated for at least 24 (13) . Although rates of transfer and metabolism of the substrate would be expected to be proportional to substrate concentration, they may also be regarded as being proportional to the total amounts of substrate in each compartment, provided that the volumes of the compartments do not change. Thus, Sl, S2, and P will be used to refer to total amounts of test compound rather than to concentrations in order to avoid introducing terms for volumes into the model.
The model represented by expression 1 is mathematically described as follows:
(2) (3) where t is time. The system of differential equations (equations 2 and 3) is solved with the boundary condition of S, = Sol and S2 = S02, when t = 0.
In the following discussion, matrix notation is employed. An upper-case boldface letter represents a matrix, lowercase boldface letters represent vectors, and scalars are indicated in italics. In matrix notation, equations 2 and 3 are represented by the equivalent expression dsldt = Ks (4) Equation 4 is an example of a homogeneous system of linear differential equations with constant coefficients (1) . The solution of equation 4, subject to the boundary condition that at time zero S = So, is given by the following expression (1):
Lagrange interpolation coefficients (1) were used to evaluate e raised to a matrix. Using these coefficients, the two-dimensional case has the following general solution (1):
XIA2-1 (6) where X, and X2 are the eigenvalues of K and I is the identity matrix. The eigenvalues are calculated for the twodimensional matrix K by solving the quadratic expression that results when the determinant of the matrix K -XI is taken (1).
The eigenvalues of K are given by the following expres-
All that remains to solve the system given by equation 4 is to substitute equation 6 into equation 5, expand the arrays according to their implicit definitions in equation 4 , and perform one matrix multiplication (by so) to obtain the following solution in two equations:
(8) (9) To obtain an expression for total substrate remaining in the system as a function of time, equations 8 almost superimposable and had shapes similar to that of the lowest concentration (0.32 ng/g); therefore, these curves are not shown in Fig. 1 . As the concentrations increased above 100 ng/g of soil, the duration of the apparent lag phase increased, and the percentage of substrate mineralized in 15 h was lower at 5,000 ng/g of soil than at lower concentrations.
Mardin silt loam was amended with PNP at eight concentrations ranging from 1.0 ng to 50 ,ug/g of soil. The lowest concentrations produced concave-down curves, and on a relative (percent) basis, the initial rates were reduced with increasing concentration (Fig. 2) . Over the duration of the experiment, the relative extent of mineralization decreased as the concentration of PNP added increased from 1.0 to 100 ng/g of soil, and all the values were below 40%. At 50 ng of phenol per g of soil, the curve became less concave down, and as the concentration increased, the curves assumed an S shape with roughly equivalent concave-up and concavedown regions. At the highest concentration of PNP (50 ,ug/g of soil), the rate of CO2 evolution was almost linear for the duration of the experiment, after a short initial period of slowly accelerating mineralization.
To evaluate the influence of an increase in the population of the PNP-metabolizing microorganisms on the kinetics, the sample that initially received 5.0 ,ug of PNP per g of soil was amended at 420 h with 5.0 ng of PNP per g of soil. On a percentage basis, the initial rate of mineralization in this ,Vsulaprxiaioswhnnomdesfi'h data.~~~~' N0
instance was the highest observed, and the percentage of substrate mineralized was higher than at any other PNP concentration (Fig. 2) . The shape of the mineralization curve was similar to those observed at lower phenol concentrations.
Aniline was added to give initial levels of 0.30 ng, 5.0 ,ug, and 500 ,ug/g of soil. The curves showing percentage of aniline mineralized were quite similar at these concentrations (Fig. 3) CO2 evolved in the first 2 h was substantial (7.0 to 8.5%), but the rate of CO2 evolution declined rapidly. After 15 h, the rates were the lowest of all the compounds tested. 2,4-Dichlorophenol, nitrilotriacetic acid, and benzylamine were added to soil at low concentrations. The mineralization of 2,4-dichlorophenol and nitrilotriacetic acid began immediately, and the percentages of the added C that were converted to CO2 were similar (Fig. 4) . The mineralization of benzylamine began after a short apparent lag period, and approximately 45% of the added substrate C was converted to CO2 in the test period.
Model testing. To evaluate the patterns of mineralization and to determine the differences in the kinetics of mineralization of high and low concentrations of substrate, nonlinear kinetic models were fit to the data. An attempt was made to fit each model to each of the mineralization curves.
In some cases, particular models were obviously inappropriate for all or some of the compounds and concentrations tested because the shapes of curves which these model equations could estimate (13) were entirely unlike the shapes of the curves depicting biodegradation in soil. The curves of best fit were selected primarily on the basis of F tests performed on the mean squares generated by each model. Models also were compared by evaluation of the degree of correlation between parameters, how realistic certain parameter estimates were, the standard deviation of parameter estimates, and the distribution of residuals around the curve for the model. In all cases, a high residual sum of squares occurred when the other goodness-of-fit measures indicated a poor model fit. The designated lines on Fig. 1, 2, 3 , and 4 show the curve of best fit for each of the concentrations, and the types of model are identified in the legends to the figures.
The linear growth form of the three-half-order model for the biodegradation of organic compounds in soil provided the best fit to the curve for benzylamine and for a number of the curves for the lower concentrations of PNP. The residual sum of squares and parameter estimates for the three-halforder model for the test compounds are given in Table 1 Therefore, the k, rate increased as the initial concentration increased but was not linearly proportional to concentration. The exponential growth form of the three-half-order model (3) did not provide a curve of best fit to any of the curves measured. The parameter estimates for the two-compartment model for the test chemicals are given in Table 2 . The model fit to the curve showing PNP mineralization at a concentration of 5.0 ng/g of soil resulted in parameter estimates that were unrealistic, several pairs of parameters that were correlated at a level of statistical significance of >95%, and a high residual sum of squares. The model provided even poorer fits to curves of higher concentrations of PNP. The twocompartment model provided a better fit than did the threehalf-order model for the mineralization of phenol at concentrations less than 100 ng/g of soil (P < 0.005), for the mineralization of the two lower concentrations of aniline (P < 0.1), and for the mineralization of nitrilotriacetic acid (P < 0.005). The. parameter estimates were similar for concentrations of phenol ranging from 0.32 to 32 ng/g of soil.
Therefore, the absolute rates are a direct function of concentration. The rate constants (percent basis) estimated for 100 ng of phenol per g of soil were lower than those for the lower concentrations of phenol. For PNP at 1.0 ng/g, for 2,4-dichlorophenol at 4.0 ng/g, and in the soil originally amended with 5.0 ,ug of PNP and then treated with 5.0 ng of PNP per g, the two-compartment model reduced the residual sum of squares more than did the three-half-order model, but the difference was not significant (P = 0.1).
Tests with labeled bicarbonate showed that 1 h was required for more than 85% of the 14CO2 to diffuse from the soil to the KOH trap, indicating that the first part of the mineralization curves was greatly influenced by the method of measurement. For model analyses, the first few points were eliminated from those mineralization curves in which there were numerous, closely spaced points. Models were fit to curves depicting the mineralization of phenol, benzylamine, and nitrilotriacetic acid in which the values during the first hour were ignored and, because no sample was taken at 1 h in studies of PNP, to curves of PNP mineralization in which values during the first 1.5 h were ignored.
None of the models in the Monod family provided a curve of best fit to any of the concentrations tested for any of the compounds. Specifically, the integrated Monod, MichaelisMenten, and logarithmic equations fit none of the curves. This finding was not suprising, given the marked differences between the shapes of curves produced by these models and the shapes of the curves depicting biodegradation in soil.
The first-order and logistic equations gave poor fits to certain curves. The first-order model provided almost the same fit to all curves depicting biodegradation of phenol at concentrations of 0.32 to 32 ng/g of soil. The residual sum of squares resulting from these fits ranged from 19.45 to 25.28, values almost two orders of magnitude greater than the residual sum of squares estimated by the two-compartment model for the same curves. Based on the other goodness-of-fit measures described above, both models provided reasonable fits to the curves depicting mineralization of low concentrations of phenol. However, comparing the residual sum of squares, the two-compartment model provided the curve of best fit (P < 0.005). The first-order model provided a poor fit to the VOL. 51, 1986 on June 16, 2017 by guest http://aem.asm.org/ Downloaded from APPL. ENVIRON. MICROBIOL. DISCUSSION At low concentrations, the evolution of "'CO2 from the test compounds commenced almost immediately after their addition to soil, but the initially rapid rate declined after 3 to 10 h. As the concentration of substrate added to soil increased, the curve of relative CO2 formation became less biphasic and more S-shaped, and the apparent lag periods became increasingly long. This pattern is similar to the trends in mineralization in which the same initial densities of pure cultures of bacteria are provided with increasing levels of substrate (13) . The transition from an initially concave-up to an S-shaped curve of CO2 formation is probably a result of growth (13) .
The rates of mineralization after the initially rapid phase were similar for all of the lower concentrations of all compounds tested, ranging from 0.08 to 0.22/h on a percentage basis. In the latter phase of mineralization, the rates decreased slowly with time. By using a method that measures CO2 evolution, it was not possible to distinguish among mineralization of residual parent compound, mineralization of intermediate products, or turnover of labeled C that had been incorporated into soil biomass or bound to humic material.
The finding that the Monod family of models did not adequately describe biodegradation in soil is not suprising in view of the greater number of factors affecting microbial metabolism in soil than in pure culture. Initial substrate concentration and cell density alone were not sufficient to explain the kinetics of mineralization. At (9) .
The models often proposed to describe the kinetics of biodegradation in soil, for example, first-order and Michaelis-Menten kinetics (4, 5, 10), were not adequate to describe the data obtained in this study, even when the initial substrate concentration was, high. Therefore, the use of half-lives based on first-order kinetics is inappropriate for accurately predicting the persistence of these chemicals, especially for those with an S shape in the initial portion of their mineralization curves, such as PNP. Several obvious differences exist, however, between earlier studies (4, 10) and this one. Most of the previous models have been fit to the decomposition of pesticides that degrade slowly, and often weeks or months are required for extensive mineralization to occur (5, 11) ; in contrast, the test compounds in this study were degraded appreciably within 1 week. Changes in population composition and substrate availability are expected in long-term studies (6) (10) .
The three-half-order model, which was developed specifically to describe the kinetics of mineralization of organic compounds added to soil (3) (Fig. 2) . The model provided a better fit to those mineralization curves containing more of an S shape in their earlier portion than to those curves containing a more linear initial portion. For curves of the latter type, the model estimated negative values for the parameter k2 to fit these curves ( Table  1 ). The S shape of the curves which the model fit may have been a result of the growth of an initially small population at the expense of the added substrate, even though the amount added was so small. A limitation in mineralization because of slow diffusion or sorption of some of the added substrates is a possible explanation for the better fit of the two-compartment model to some of the curves. The first compartment could represent the substrate initially available to cells and subject to rapid mineralization. The second compartment could be substrate sequestered in micropores of the soil or adsorbed to surfaces and not available to cells. The substrate might then undergo a slow rate of mineralization that is controlled by the rate of its diffusion or desorption to sites where microorganisms are active. The fact that' plots for mineralization of all concentrations of aniline but not high levels of other compounds were fit by the two-compartment model may be a result of strong surface interactions, such as covalent binding of aniline to humic acids (12) . Other explanations may account for the observed two-compartment kinetics, such as the involvement of different populations in the two phases of mineralization or the formatio'n and subsequent mineralization of a transient intermediate prod- Two-compartment models sometimes have been proposed to describe biodegradation of organic compounds added to soil, although th'e curves in these cases were linearized. Two first-order curves provided the best fit to the patterns of disappearance in soil of three dinitroaniline herbicides and of metribuzin at 30°C (7, 15) . At low temperatures, however, first-order kinetics provided the best fit to the data. Parker and Doxtader (11) fit two first-order curves to the pattern of metabolism of 2,4-D in soil, but the second rate was faster than the first, possibly a result of the growth of the 2,4-Dmetabolizing population.
Compartment models with three and more compartments were also formulated'and fit to the data. The addition of compartments did not result in a statistically lower residual sum of squares, so the extra parameters could not be justified.
The results of this study indicate that the mineralization of low concentrations of some organic compounds proceeds with little or no initial acclimation period and that the percentage of the compound converted to CO2 rarely exceeds 50%. These observations contrast with the results of studies of natural waters, in which most of the carbon added
